Abstract Integrins containing the b 3 subunit are key players in tumor growth and metastasis. A functional Leu33Pro polymorphism (rs5918) in the b 3 subunit of the integrin gene (ITGB3) has previously been suggested to act as a modifier of ovarian cancer risk in Polish BRCA1 mutation carriers. To investigate the association further, we genotyped 9,998 BRCA1 and 5,544 BRCA2 mutation carriers from 34 studies from the Consortium of Investigators of Modifiers of BRCA1/2 for the ITGB3 Leu33Pro polymorphism. Data were analysed within a Cox-proportional hazards framework using a retrospective likelihood approach. There was marginal evidence that the ITGB3 polymorphism was associated with an increased risk of ovarian cancer for BRCA1 mutation carriers (per-allele Hazard Ratio (HR) 1.11, 95% CI 1.00-1.23, p-trend 0.05). However, when the original Polish study was excluded from the analysis, the polymorphism was no longer significantly associated with ovarian cancer risk (HR 1.07, 95% CI 0.96-1.19, p-trend 0.25). There was no evidence of an association with ovarian cancer risk for BRCA2 mutation carriers (HR 1.09, 95% CI 0.89-1.32). The polymorphism was not associated with breast cancer risk for either BRCA1 or BRCA2 mutation carriers. The ITGB3 Leu33Pro polymorphism does not modify breast or ovarian cancer risk in BRCA1 or BRCA2 mutation carriers.
Introduction
Women harbouring deleterious germline mutations in the BRCA1 or BRCA2 gene face high life-time risks of developing breast and ovarian cancers [1] [2] [3] [4] . Recent estimates of breast cancer risk by the age of 70 years range from 47% [5] to 87% [6] for BRCA1 mutation carriers and from 45% [7] to 84% [2] for BRCA2 mutation carriers. The corresponding risk of ovarian cancer was estimated to range from 15% [8] to 68% [9] for BRCA1 mutation carriers and 4.5% [8] to 31% [9] for BRCA2 mutation carriers. Penetrance estimates vary by family ascertainment criteria and also between and within families, suggesting that other genetic or environmental factors modify the disease risks [10, 11] .
Integrins comprise a large family of cell surface receptors which control cell attachment to the extracellular matrix (ECM). They play a role in mammary gland biology with expression in all cell types within the gland [12] and activate intracellular signaling pathways that control proliferation, differentiation, apoptosis, cell motility, migration and survival [13, 14] . Integrins consist of noncovalently linked a and b subunits. In mammals, combinations of 18a and 8b subunits form at least 25 different proteins that bind specific ECM components [14, 15] . Two integrins containing the b 3 subunit, avb 3 and aIIbb 3 , are key players in tumor growth and metastasis. Increased expression of these integrins in melanomas, gliomas, ovarian and breast cancers correlates with invasive tumor properties [16] [17] [18] [19] [20] , whereas their inhibition reduces tumor growth and metastasis through disruption of tumor angiogenesis [21, 22] .
The b 3 integrin gene (ITGB3) is a plausible candidate for breast and ovarian cancer susceptibility. A previously reported single nucleotide polymorphism (SNP) rs5918, a nucleotide substitution of T to C at codon 33 in the mature protein, causes a leucine to proline exchange [23] . This variant introduces a nick in the polypeptide chain just Nterminal of the hybrid domain of b 3 , which is involved in dimerization with the av and aIIb subunits during the formation of avb 3 and aIIbb 3 integrins. It has been shown that ITGB3 Leu33Pro polymorphism is of functional significance in that it increases the interactions with fibrinogen [24, 25] , results in an abnormal response to stimulation with thromboxane [26] and other agonists [27] , enhances aggregation of platelets and generation of thrombins [28] [29] [30] , decreases bleeding time [31] , increases signaling through ERK2 of the MAPK [32] pathway and enhances cell migration [33] .
A number of epidemiological studies have suggested associations of the ITGB3 Leu33Pro with the risk of developing cancers including non-Hodgkin lymphoma [34] , colon [34] , kidney [35] , breast [36] [37] [38] [39] [40] [41] and ovarian cancer [36, 42, 43] . However, little data exist on the influence of this polymorphism on breast and ovarian cancer risk for women with BRCA1 or BRCA2 mutations. A recent study conducted of Polish BRCA1 mutation carriers including 319 breast cancer cases, 146 ovarian cancer cases and 290 unaffected controls reported a significantly increased risk of ovarian cancer among carriers of the ITGB3 33Pro allele (OR adj 2.51, 95% CI 1.30-4.84, P = 0.006) [44] . In order to verify this original finding and to estimate the possible association of ITGB3 Leu33Pro with BRCA2 related cancer risk, we genotyped this polymorphism using a large series of BRCA1 and BRCA2 mutation carriers from the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA).
Materials and methods

Study sample
Eligible study subjects were women who carried a deleterious germline mutation in BRCA1 or BRCA2 and were 18 years old or older. Information on study subjects was submitted from 34 centers participating in CIMBA. Data collected included year of birth, mutation description, family membership, ethnicity, country of residence, age at last follow-up, ages at breast and ovarian cancer diagnosis and information on bilateral prophylactic mastectomy and oophorectomy. Only carriers of pathogenic BRCA1 or BRCA2 mutations were included in the study. These were mutations generating a premature termination codon (frameshifts, small deletions and insertions, nonsense mutations, splice site mutations, large genomic rearrangements), large in-frame deletions that spanned one or more exons, deletions of transcription regulatory regions (promoter and/or first exons) expected to cause lack of expression of mutant allele and missense variants classified as pathogenic by Breast Cancer Information Core (BIC) or using the algorithms of Goldgar et al. [45] and ChenevixTrench et al. [46] . Truncating variants in exon 27 of BRCA2 were excluded.
All carriers participated in clinical and research studies at the host institutions under ethically approved protocols. Further details of the CIMBA initiative can be found elsewhere [47] .
Women who were self-reported as ''non-white'' and those who carried pathogenic mutations in both BRCA1 and BRCA2 were excluded from the analysis. Possible overlaps between studies were investigated by comparing the year of birth, mutation description, and the reported ages to identify duplicate individuals. Where possible, additional CIMBA genotyping data were used to ensure that duplicated individuals were only included once in the analysis.
Genotyping
Twenty-one centers genotyped the ITGB3 Leu33Pro using a 5 0 nuclease assay (TaqMan 0 (reverse). IHCC genotyped by PCR-based restriction fragment length polymorphism (RFLP) analysis as previously described [44] .
In addition to the genotypes of patients, each study also provided genotypes for at least 2% of samples in duplicate, genotypes for a standard test plate containing 94 samples from the Coriell Cell Repository (New Jersey, USA), and cluster plots from Taqman analyses. Genotyping data were included in the analysis when they met the quality control criteria including an overall call rate of [95%, duplicate concordance and concordance of test plate genotypes of [98%. Samples that failed genotyping for two or more of genotyped SNPs at this CIMBA genotyping round (or C20% if typed using a multiplex platform) were also excluded. All studies passed these quality criteria. As an additional genotyping quality criterion we also assessed Hardy-Weinberg Equilibrium (HWE) for unrelated mutation carriers for each study separately. There was no significant evidence of deviation from HWE for any of the studies and all the studies were therefore included in the analysis.
Statistical analysis
The aim of the analysis was to evaluate the association between the ITGB3 Leu33Pro and risks of breast or ovarian cancer in BRCA1 and BRCA2 carriers. Women were classified according to their age of cancer diagnosis or their age at last observation. Three types of analysis were carried out. To evaluate the association with breast cancer risk, carriers were censored at the age of the first of the following events: breast cancer diagnosis (8,274 carriers), ovarian cancer diagnosis (1,507 carriers), bilateral prophylactic mastectomy (413 carriers) or age at last observation (5,348 carriers). Only those censored at a breast cancer diagnosis were assumed to be affected. To evaluate the association with ovarian cancer risk, carriers were censored at the age of ovarian cancer diagnosis (2,159 carriers), bilateral prophylactic oophorectomy (1,096) or age at last observation (12,287 carriers) whichever occurred first. Only those censored at ovarian cancer were assumed to be affected for the analysis. We did not censor at a breast cancer diagnosis in order to maximize the number of ovarian cancer cases used in the analysis. To evaluate whether our results were influenced by the fact we did not censor at breast cancer diagnosis, we also performed an analysis where individuals were censored at the first cancer diagnosis (breast or ovarian). In this we assumed that an individual was at risk of developing either breast or ovarian cancer.
Since BRCA1 and BRCA2 mutation carriers are not randomly sampled with respect to their disease status, standard methods of analysis can lead to biased estimates of the hazard ratios (HR) [46] . We therefore analyzed the data within a retrospective likelihood framework by modeling the likelihood of the observed genotypes conditional on the disease phenotypes. This approach is described in detail elsewhere [48] . Under this approach, the cancer incidence was assumed to depend on the underlying incidence through a Cox-proportional hazards model k i ðtÞ ¼ k 0 ðtÞ expðb i Þ, where exp(b i ) is the hazard ratio for genotype i and k 0 (t) is the cancer incidence rate in the baseline category. The baseline agespecific incidence rates in the Cox proportional-hazards model were chosen such that the overall cancer incidence rates, averaged over all genotypic categories, agree with external estimates of incidence for BRCA1 and BRCA2 mutation carriers [11] . The effect of each SNP was modelled either as a per-allele HR (multiplicative model) or as separate HRs for heterozygotes and homozygotes, and these were estimated on the log scale (i.e. b i ). This analysis was performed separately for breast and ovarian cancer to evaluate the associations with each disease. In a further sensitivity analysis of the association with ovarian cancer risk, we extended the retrospective likelihood to allow for the fact that each mutation carrier is at risk of developing either breast or ovarian cancer. For this purpose we assumed that conditional on the genotype, the age-specific probability of developing ovarian cancer is independent of the probability of developing breast cancer. In this competing risk analysis, since the aim was to evaluate the association with ovarian cancer risk, we assumed that the SNP was not associated with the risk of developing breast cancer. Analyses were carried out with the pedigree-analysis software MENDEL [49] . We examined between-study heterogeneity by comparing the models that allowed for study-specific log-hazard ratios against models in which the same log-hazard ratio was assumed to apply to all studies. All analyses were stratified by study group and country of residence and used calendaryear-and cohort-specific breast cancer incidence rates for BRCA1 and BRCA2 mutation carriers [11] .
To investigate whether SNP associations differed by mutation type, mutations were classified according to their predicted functional effect. Class 1 mutations include loss of function mutations caused by reduced transcript and protein levels due to nonsense-mediated decay (NMD) and/ or degradation or instability of truncated proteins [50] [51] [52] , translation re-initiation but no production of stable protein [53] , or the absence of expression caused by deletion of transcription regulatory regions. Class 2 mutations comprise mutations expected to generate stable mutant proteins: missense mutations, in-frame deletions/insertions and truncating mutations with premature stop codons occurring in the last exon and thus not triggering NMD. Mutations whose consequences at transcript or protein level could not be inferred were not considered for this classification.
Results
In this study, we investigated the effect of the ITGB3 Leu33Pro on breast and ovarian cancer risk in female BRCA1 and BRCA2 mutation carriers from 34 centers participating in CIMBA. A total of 15,542 mutation carriers were eligible for inclusion in the analysis (9,998 BRCA1 and 5,544 BRCA2, Table 1 ). The genotype frequencies and estimated HRs by mutation and disease status are shown in Table 2 . There was no evidence of association between breast cancer risk and the ITGB3 Leu33Pro for either BRCA1 or BRCA2 mutation carriers (per-allele HR 1.02, 95% CI 0.94-1.09 and 1.01, 95% CI 0.92-1.12 for BRCA1 and BRCA2, respectively). There was no evidence of heterogeneity in the HRs across studies (p-het = 0.38 and 0.41 for BRCA1 and BRCA2, respectively). There was marginal evidence of association with ovarian cancer risk for BRCA1 mutation carriers (per-allele HR 1.11, 95% CI 1.00-1.23, p-trend = 0.05) and there was no evidence of heterogeneity in the HRs across studies for BRCA1 mutation carriers (p-het = 0.13). However, when the IHCC study, where the original association was found, was excluded there was no evidence of association (HR 1.07, 95% CI 0.96-1.19, p-trend = 0.25). ITGB3 Leu33Pro was also not associated with ovarian cancer risk for BRCA2 mutation carriers (perallele HR 1.09, 95% CI 0.89-1.32). In assessing betweenstudy heterogeneity for BRCA2 mutation carriers, study-specific log-hazard ratios converged to boundary conditions due to small numbers and it was not therefore possible to formally assess heterogeneity in the HRs between studies for BRCA2. To investigate whether ignoring breast cancer diagnoses influenced our results, we also analysed the data in a competing risks analysis framework and allowed individuals to be at risk of developing either breast or ovarian cancer. The HR estimates under this analysis were similar to the analysis which did not censor at a breast cancer diagnosis (Table 2) . Among BRCA1 mutation carriers, 6,716 carried class 1 mutations (frameshifts-72%, nonsense mutations-21%, splice site mutations-4% and large deletions or duplications-3%) and 2,678 class 2 mutations (frameshifts-60%, missense mutations-26%, nonsense mutations-5%, splice site mutations-2% and large deletions or duplications-7%). To investigate whether our results differ by mutation type, we carried out separate analyses for BRCA1 class 1 and class 2 mutations (Table 3) . ITGB3 Leu33Pro was not associated with either breast or ovarian cancer risk for class 1 mutation carriers. In addition, there was no evidence of an association with breast cancer risk for BRCA1 class 2 mutations. However, there was evidence that the polymorphism is associated with ovarian cancer risk in BRCA1 class 2 mutation carriers (per-allele HR 1.24 95% CI 1.00-1.53, p-trend = 0.048). Since the original study (IHCC), where an association was reported [44] , consists predominantly of class 2 mutations (*94% of all BRCA1 mutations in IHCC), we repeated the analysis by excluding the IHCC study and found no evidence of an association (HR 1.01, 95% CI 0.78-1.32, p-trend = 0.92).
Discussion
We genotyped of 9,998 BRCA1 and 5,544 BRCA2 mutation carriers to investigate the hypothesis that the ITGB3 Leu33Pro polymorphism is associated with breast or ovarian cancer risk in BRCA1 or BRCA2 mutation carries. To our knowledge this is the largest study of its kind. Results from a smaller study had previously suggested that this polymorphism is associated with the risk of ovarian cancer in BRCA1 mutation carriers [44] . However, our results suggest that ITGB3 Leu33Pro is not associated with the risk of breast or ovarian cancer risk for BRCA1 or BRCA2 carriers. There was a marginal evidence of association with ovarian cancer risk for BRCA1 mutation carriers, but when the original study, where the association was reported, was excluded, there was no evidence of an association.
Several studies have investigated the associations between ITGB3 Leu33Pro with breast and ovarian cancer in the general population, but the results have been inconsistent [36] [37] [38] [39] [40] [41] [42] [43] . One study reported an association between the homozygous 33Leu genotype and breast cancer risk [38] , other studies suggested that the 33Pro allele is associated with breast cancer risk [36, 37, 39] , and others reported no associations [40, 41] . An association of ITGB3 Leu33Pro was reported with ovarian cancer in the general population [43] , but this was not confirmed in any other study [42] . In the latest and largest up to now study of 1,819 ovarian cancer patients, including 837 serous and 734 non-serous cases, and 2,353 controls performed by the Ovarian Cancer Association Consortium (OCAC) as part of a genome-wide association study [54] , no significant association of ITGB3 Leu33Pro with overall ovarian cancer risk was found (per-minor allele OR 0.99, 95% CI 0.88-1.12, p-trend = 0.95). Furthermore, no associations were found when patients were subdivided by histologic subtype: serous (OR 0.94, 95% CI 0.80-1.09) and non-serous (OR 1.08, 95% CI 0.92-1.27) tumors (personal communication, Honglin Song). Since the majority of the BRCA1 mutation ovarian cancer tumors are serous [8] , the absence of an association with ovarian cancer risk for BRCA1 mutation carriers is consistent with the lack of association for serous tumors in the general population.
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